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Magnetoelastic Strain Sensor for Optimized
Assessment of Bone Fracture Fixation
Ninja P. Oess, Bernhard Weisse, and Bradley J. Nelson
Abstract—In orthopedic surgery, measuring the strain in an
internal plate over time makes it possible to monitor the bone
fracture healing process. Magnetoelastic sensing provides a wire-
less, highly sensitive, and low-cost technique for measuring strain.
An amorphous ribbon is bonded to the implant plate and an
emitter/receiver unit is placed outside the patient’s body. Bonding
the sensor to a plane surface decreases its output signal intensity
due to an increase of the magnetic anisotropy. To overcome this
problem, we demonstrate a sensor signal detection system, which
increases the signal-to-noise ratio. This system is based on a pair
of flat miniaturized coils that can be put on the patient’s skin.
This technology is then applied to measure strain in a plate that
supports a fractured generic bone under static loading conditions.
The sensor output responses are presented and the high accuracy
values obtained are given.
Index Terms—Coils, implantable biomedical devices, magnetoe-
lasticity, orthopedics, remote sensing.
I. INTRODUCTION
B ONES have a natural and physiological ability to regen-erate themselves. After a fracture, bone cells temporary
proliferate at the fracture site to form a reparative tissue, the
callus. This tissue later calcifies and eventually results in new
bone [1]. However, certain kind of fractures require an internal
plate to support the broken bone as it is consolidating.
During the healing process, the fractured bone is subjected to
axial load, bending, and torsion. Bone loss, new bone breakage,
and improper healing are complications that sometimes arise
with internal plates. In order to anticipate implant failure, the
fracture healing process must be monitored. Orthopedic sur-
geons do this by taking X-ray images and by manual palpation.
This technique is quite subjective and, depending on the loca-
tion of the fracture, as in the case of a spinal fracture, X-ray
pictures do not always provide the necessary information. One
more disadvantage of this technique is the accumulation of ex-
posure to X-ray ionizing radiations. Another and more objective
way to monitor the bone fracture healing process is to measure
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the strain in the plate over time. Indeed, it has been demonstrated
that in orthopedic devices, such as centromedullary nails, ex-
ternal fixators, and internal plates, the strain versus time curve
provides information about the percentage of fracture healing
[2], [3].
Strain gauging is the most commonly used technique to mea-
sure strain on mechanical components. Nevertheless, this tech-
nique is invasive. Thus, it is relevant to design a noninvasive
alternative technique. Magnetoelastic sensing offers a wireless,
highly sensitive, and low-cost technique for measuring strain.
The magnetoelastic sensor consists of a magnetostrictive and
amorphous ribbon.
When the amorphous ribbon is bonded to a plane surface,
stresses are introduced in the material that increase its magnetic
anisotropy, and thereby decrease the sensor signal intensity. Pre-
viously, strong magnetic fields were used to be able to detect the
signal of an amorphous ribbon bonded to a plate. The disadvan-
tage of using such high fields is that the sensor saturation range
is rapidly reached. In this work, we demonstrate a sensor signal
detection system, which increases the signal-to-noise ratio. This
technology is applied to measure strain in a plate that supports
a fractured generic tibia under static loading conditions. The
sensor output responses are displayed and the high accuracy
values are given.
Magnetoelastic sensing is then explored to demonstrate that
load applied to the generic bone is not only proportional to the
voltage amplitude change of the sensor’s response but also to
its phase change. Finally, potential drawbacks with magnetoe-
lastic sensing, such as biocompatibility, magnetic losses, body
temperature changes, and displacement of the miniaturized coils
are discussed.
II. SENSOR OPERATION
The Villari effect describes a change in a sample magneti-
zation due to applied stress and is reciprocal to the Joule effect,
which depicts a change in a sample dimensions due to an applied
field. When a tensile stress is applied to an amorphous ribbon
with positive saturation magnetostriction , its mag-
netic moments tend to align parallel to the stress. As a result,
the magnetization of the ribbon is increased. On the contrary,
when a compressive stress is applied, the magnetic moments
tend to point perpendicular to the stress, thereby decreasing the
magnetization. The inverse effect is expected for a material with
. The actual material property that is directly affected by
stress is the susceptibility , which represents the degree of
magnetization of a material in response to an applied field
strength and is given as follows [4]:
(1)
1530-437X/$25.00 © 2009 IEEE
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where is the saturation magnetization and is the stress
dependent anisotropy field. For an amorphous ribbon with
subjected to tensile stress or with subjected to com-
pressive stress and , the anisotropy field is given
by [4]
(2)
where is the uniaxial anisotropy constant. Consequently, the
relationship between the susceptibility and applied stress is ex-
pressed as follows:
(3)
When a magnetic field strength is applied to an amorphous
ribbon, the field inside the ribbon is not the same as the
applied field. is expressed by [5]
(4)
where is the demagnetizing factor, which is the lowest when
the magnetic field is applied parallel to the widest face of the
ribbon.
When the bone-plate system is loaded, an external stress is
applied to the sensor. Given that the sensing material is mag-
netostrictive, a rotation of the magnetic moments occurs. This
rotation will be accompanied by a magnetostrictive strain . The
total strain produced by the stress is thus the sum of the strain
found in ordinary elastic materials and the magnetostrictive
strain [6]. The variation of strain in the sensor is, consequently,
proportional to the variation of strain on the plate.
III. STRESS AND STRAIN DISTRIBUTION IN THE PLATE
A. Bending of the Plate
Dynamic in vivo measurements of a sheep walking on a
treadmill demonstrated that the sheep tibia is deformed in axial
loading, bending, and torsion [7]. The tibia of a person standing
in a static position is considered to be deformed only in axial
loading and bending. A theoretical analysis [8] shows that for a
1000 N standing person, the tibia is subjected to an axial force
of 4200 N and a shear force of 500 N. In this work, the generic
bone is subjected either to tensile or to compressive axial forces
ranging up to 2000 N under static loading conditions.
When the generic tibia is exposed to a tensile force, a bending
moment is generated at the plate. Thus, the total axial stress ap-
plied to the plate is the sum of the stress due to pure axial loading
and the stress due to the bending of the plate. As represented in
Fig. 1, on the inner surface of the plate the stress due to bending
is positive, whereas on the outer surface of the plate, where the
sensor is bonded, the stress due to bending is negative. By con-
trast when the generic tibia is exposed to a compressive force,
the stress due to bending is negative on the inner surface and
positive on the outer surface of the plate.
B. Finite Element Analysis and Strain Gauge Measurement
In order to determine the magnitude and distribution of
stresses and strains in the plate, a finite element model of the
Fig. 1. Stresses on the inner and outer surfaces of the plate when the fractured
generic bone is exposed to a tensile force.
TABLE I
MATERIAL PROPERTIES OF THE BONE-PLATE SYSTEM
bone-plate system is generated using MSC/Patran V. 2005. The
used material properties of the system’s different components
are given in Table I. The interaction between the generic bone
and the plate is defined by a finite sliding model (i.e. this model
allows larger relative displacements than a typical element
length) between the surfaces in contact. The model considers
two stress components: one normal and one tangential to the
surfaces (frictional shear stress). It uses a hard surface behavior.
This means that when surfaces separate, the contact pressure
between them becomes zero or negative and the constraint
is removed (clearance concept). The limiting frictional shear
stress is defined by (Coulomb law), where is
the static coefficient of friction and is the contact pressure
between the surfaces. The contact surfaces will not slip until
the shear stress across their interface is smaller or equal to the
limiting frictional shear stress (sticking).
Modeling ideal friction behavior can result in convergence
problems during the simulation. Therefore, the software uses a
penalty friction formulation with allowable “elastic slip,” small
amount of relative motion between the surfaces that occurs
when the surfaces should be sticking. This stick-slip frictional
behavior and a possible opening of contact interfaces make the
problem inherently nonlinear. The following assumptions are
used for the coefficients of friction in the interface plate-generic
bone . The interfaces between the screws and the bone,
as well as between the screws and the plate are defined as tied
contact.
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Fig. 2. Strain distribution   and location of the sensor in the finite-element model of the generic bone-plate system.
TABLE II
STRESS AND STRAIN VALUES OBTAINED FROM THE FEA
In order to determine the stress and strain in the plate sub-
jected to tensile load of 1000 N, a nonlinear finite-element anal-
ysis (FEA) is performed using ABAQUS/Standard V. 6.5.4. The
results show that the stresses and strains in the plate are the
greatest on the inner surface of the plate at the screw holes. Fig. 2
illustrates the strain distribution on the outer surface of the plate,
where the sensor is bonded.
The stress and strain due to either pure axial loading or
bending can be calculated from the stresses and strains, ob-
tained with the FEA, on the inner and outer surfaces of the
plate. These values are given in Table II. They indicate that
stress, and thereby strain due to bending is greater than stress
and strain due to pure axial loading, respectively. Consequently,
when the bone-plate system is subjected to a tensile force, the
strain on the outer surface of the plate is negative, whereas
under a compressive force it is be positive. This is due to the
type of fracture considered.
An elastic modulus of 1 GPa is measured for the generic bone.
In comparison, the elastic modulus of a real tibial bone is ap-
proximately 14–20 GPa. Using the FEA, the strain on the outer
surface of the plate is calculated for a real tibial bone with a 17
GPa elastic modulus and shows up to under tension
and up to under compression.
Strain gauging is used to measure the deformation of the plate
under different loads ranging from 0 to 2000 N. These strain
values are similar to those obtained with the FEA. Notwith-
standing, the strain gauge measures an averaged strain, whereas
the FEA gives a distribution of the different amounts of strain.
Fig. 3. Pair of miniaturized coils used to pick up the sensor signal.
IV. MATERIALS AND METHODS
A. Sensor Signal Detection System
The wireless nature of magnetoelastic sensing is based on
the remote sensor interrogation and sensor signal detection by
means of magnetic coils. The driving coil is a pair of 5-turn,
50 mm radius Helmholtz coils that allows one to produce a
uniform magnetic field over a large volume of space. As shown
in Fig. 3, the search coil is a pair of 32-turn, 14 mm 14 mm,
flat miniaturized coils (Microsystems Design Group, EPFL,
Switzerland). To ensure that the miniaturized coils do not pick
up the field generated by the driving coil, they are placed in a
plane orthogonal to the plane of each of the Helmholtz coils, as
illustrated in Fig. 4. The advantage of using miniaturized coils
is that they can be put on the patient’s skin, as close as possible
to the implanted sensor, and thereby increase the sensor signal
detection at the expense of surrounding noise.
The principle that links the susceptibility of the material
with the voltage generated across the miniaturized coil is the
Faraday–Lenz law of electromagnetic induction, which for a
sinusoidal waveform is given by
(5)
where is the number of turns of each search coil, is half
of the ribbon area, is the driving field frequency, and is the
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Fig. 4. Magnetic coils setup used to generate and detect the sensor signal.
magnetic flux density generated through half of the sensor area.
generated by the entire sensor quantifies the susceptibility
state through [9]
(6)
where is the permeability of vacuum.
B. Sensor, Bone-Plate and Loading Systems
A positive magnetostrictive Vitrovac 4613M13 amorphous
ribbon (Vacuumschmelze GmbH & Co. KG, Hanau, Germany)
is selected as the sensing material. To increase the sensor sen-
sitivity, the ribbon has previously been annealed in a magnetic
field perpendicular to its widest face by the manufacturer [10].
The -sized ribbon is bonded at the center
and on the outer surface of a 12 screw holes locking compres-
sion plate (LCP) made of titanium (Synthes GmbH, Bettlach,
Switzerland, model no. 426.621). The LCP plate is fixated with
six locking screws (model no. 419 MAB 55261) to a fractured
generic bone. The generic tibia consists of a hollow cylinder
made of polyurethane foam (Synbone AG, Malans, Switzer-
land). The fracture is a 21 mm net cut, which represents an ex-
treme fracture case, in order to emphasize the behavior of the
plate under various loadings.
The bone-plate system is fixated at its lower and at its higher
ends with the clamping jaws of the universal testing machine
(Zwick, Type 1484, Ulm, Germany). The experimental setup
used for the strain measurements is presented in Fig. 5.
V. RESULTS AND DISCUSSION
A. Loading and Unloading the Bone-Plate System
At its higher end, the bone-plate system is loaded with a com-
pressive force up to 2000 N and then unloaded. A time-varying
magnetic field of 25 A/m at 1 kHz is used to interrogate the
Fig. 5. Experimental setup used for the strain measurements.
Fig. 6. Sensor output response as a function of applied compressive force.
sensor. This low-frequency, far from the sensor’s resonant fre-
quency of 104.1 kHz, is selected in order to avoid its satura-
tion range. The sensor output response curves are drawn by
measuring the peak voltage change as a function of applied
force. The measurements are repeated five times and the average
values of these responses are shown in Fig. 6.
The voltage change generated by the magnetic flux density
inside the pickup coils increases linearly when the probe is in-
crementally subjected to compressive loads (squares), whereas
it decreases when the loads are removed (circles). Since the
bone-plate system exhibits hysteresis, a new system is used for
each experimental session, so that results between sessions can
be compared. A 20 N resolution is obtained with the Vitrovac
4613M13 ribbon.
B. Varying the Strength of the Driving Magnetic Field
Increasing the strength of the driving magnetic field below
the saturation range of the sensor—in turn—increases the slope
of the sensor’s linear response region. This can be observed
in Fig. 7, which displays the output responses of a Vitrovac
4613M13 ribbon exposed to different magnetic field strengths
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Fig. 7. Output response of a sensor exposed to different magnetic field
strengthes as a function of (a) applied tensile force and (b) compressive force.
of 10, 20, and 30 A/m at 1 kHz as (a) a function of tensile and
(b) compressive loads.
C. Sensor Signal Phase Measurement
The phase and voltage amplitude changes of the sensor’s
magnetoelastic response are measured as a function of com-
pressive load applied to the bone-plate system. The accuracy
of the two curves is then compared. The sensor is interrogated
with a 30 A/m field at 1 kHz. Fig. 8 displays (a) the phase
change and (b) voltage amplitude change as a function of
applied compressive force. For each type of measurement, a
regression line is drawn through the points and the square of
the linear coefficient of correlation is calculated. There is a
better linear correlation and a better resolution in the voltage
amplitude change measurements, where is 0.97, than in the
phase change measurements, where 0.83. Loss of precision
in the phase change measurements is thought to be due to the
additional signal processing, namely, the fast Fourier transform.
The reliability of the repeated voltage change measurements
is determined. The slope of the regression line, which equation
Fig. 8. (a) Phase change and (b) voltage amplitude change as a function of
applied compressive force.
is , has a standard error of 0.0023. It is 95%
confident that the true slope of the regression line is in the range
defined by 0.05 0.005.
D. Technical Improvement
In the past, high magnetic fields ranging from 50 to 1500 A/m
were used to interrogate a magnetoelastic sensor [11], [12]. The
drawback of using such high fields is that the sensor saturation
range, where the sensor response is no longer linear, is rapidly
reached. This work presents a technique that allows to use the
sensor’s linear response region and optimize the linear corre-
lation. This is achieved thanks to the miniaturized coils, which
enable to detect the sensor signal under low magnetic fields. Fur-
thermore, by varying the intensity of the interrogating field, the
sensor’s linear response region can be extended or shortened.
Under a given range of applied stress, the optimal field inten-
sity is the one that enables to generate both the sensor’s linear
response and the highest possible resolution.
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E. Clinical Application of the Technique
In the clinical application of the technique, the plate carrying
the sensor is implanted inside the patient’s body. The strain in
the plate is measured at intervals of two weeks, starting from
the second week after operation. The fractured limb is intro-
duced inside the driving coil and the miniaturized search coils
are put on the patient’s skin, a layer-over the sensor. At each
measurement session, the same driving field, in terms of inten-
sity and frequency, and the same amount of weight bearing are
used. The difference between the voltage amplitude measured
during weight bearing and before weight bearing is considered.
The relative voltage amplitude versus time graphic is progres-
sively plotted. Simple fractures are consolidated after 8 to 12
weeks.
VI. POTENTIAL DRAWBACKS WITH
MAGNETOELASTIC SENSING
A. Biocompatibility
The ferromagnetic elements Fe, Co, and Ni, necessary for
magnetostriction in usual amorphous metals, have cytotoxic
effects. This problem can easily be overcome by uniformly
coating the sensor with an atomic layer deposition of titanium
compound (TiN, TiAlN, or .) This method is a common
way of making medical instruments—such as scalpels, pace-
makers, stents, implants, and many others—biocompatible.
Another way of making the sensor biocompatible is to cover it
with biocompatible silicone as it has previously been done to
measure muscular activity [13]. Moreover, beyond the sensor,
the glue used for sensor bonding should also be biocompat-
ible. For this reason, a 100% solvent-free biocompatible glue
209-CTH (Dymax Corporation, Torrington, CT) is used to
bond the ribbon to the plate and to cover it, thereby solving two
problems at once.
The generic bone-plate system is tested under compressive
load that generates plastic deformation to determine whether
cracks could appear in the dried glue. The glue does not show
any cracks and presents satisfactory elastic properties for this
application.
B. Magnetic Losses Due to Body Tissue
In the clinical application of this work, the magnetoelastic
sensor is, together with the orthopedic plate, implanted inside
the human body. Thus, the question arises, are there magnetic
losses as a result of body tissue? And if so, to what degree?
In the case of tibia fractures, the plate is fixated at the exterior
aspect of the bone—that is—very close to the skin. Indeed, in-
ternal plates are fixated, as far as possible, on the side opposite
the strongest muscle pull to achieve an optimal distribution of
compression between the bone fragment’s ends [14]. Accord-
ingly, in the present case, the body tissue taken into account for
attenuating the magnetic field strength is the skin.
A time-varying electromagnetic field is altered by a body
tissue due to two components. First, the electrical field is de-
creased through the human body. Second, an alternating mag-
netic field induces, by Faraday’s principle, eddy currents within
Fig. 9. Force as a function of the miniaturized coils’ displacement from
the ideal measurement location when the displacement is (a) parallel and
(b) perpendicular to the widest face of the ribbon.
the body tissue. In consequence, weak magnetic fields are pro-
duced within the body tissue. These fields oppose the main field
and, therefore, generate transmission loss. For radio frequen-
cies, the first component will be much smaller compared with
the second one and can, therefore, be neglected [15]. The elec-
trical properties of the body tissue associated with induction ef-
fects are the conductivity and the permittivity.
In an experimental test, the magnetoelastic sensor is covered
with a 15 mm thick piece of raw meat. The intensity of the
detected sensor signal shows to be approximately 60% of the
nonattenuated signal intensity. The conductivity and the relative
permittivity of skin are always lower than those of the muscle
below 400 kHz [16]. Thus, the sensor signal intensity attenuated
due to the skin can be estimated to be greater than 60% of the
nonattenuated signal intensity.
C. Body Temperature Changes
A change in temperature affects sightly the permeability
of amorphous ribbons [17]. As the temperature of the human
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body varies with the time of the day, these variations could be
a potential drawback for obtaining repeatable medical results.
Nevertheless, these changes are so weak—as much as 0.6
throughout the day—that they can, consequently, be neglected.
D. Displacement of the Miniaturized Coils
An important aspect regarding the repeatability of the ex-
perimental measurements is the positioning of the miniaturized
coils on the patient’s skin. As already outlined, the bone frac-
ture healing process is monitored by measuring the strain in the
plate at regular intervals of time. At each measurement session,
the coils should be placed at the same location—that is—where
the sensor signal amplitude is the highest. The search coils can
easily be placed at the same measurement location by moving
them and looking for the highest sensor response amplitude.
Fig. 9 shows the change of applied force as a function of the
coils’ displacement from the ideal measurement location when
the (a) displacement is parallel and (b) perpendicular to the
widest face of the ribbon. It is possible to keep the displace-
ment error below 1 mm both in the parallel and in the perpen-
dicular directions, corresponding to a force change below 15.3
and 95.9 N, respectively.
VII. CONCLUSION
A wireless in vivo sensing technique to measure strain in
orthopedic plates is presented. Magnetoelastic sensing provides
a noninvasive alternative method to strain gauging. The use
of miniaturized coils to detect the sensor signal offers a high
signal-to-noise ratio and lightens the experimental setup. The
resulting outstanding sensitivity is demonstrated through the
high linear correlation and the reliability values obtained in the
experimental results. The use of magnetoelastic sensing can
be extended for monitoring the healing of other bone fractures
than tibia fractures. Nevertheless, in various types of bone
fractures the muscle and the adipose tissue also have to be con-
sidered for attenuating the sensor signal intensity. Depending
on the nature of the fracture, the plate is either removed after
fracture consolidation or left inside the patient’s body. The
sensor bonding should, therefore, be tested for human in vivo
lifetime resistance. The development of intelligent orthopedic
plates with an incorporated sensor would facilitate the use of
magnetoelastic sensing for bone fracture healing monitoring.
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